• Plant functional traits regulate ecosystem functions but little is known about how co-occurring 41 gradients of land use and edaphic conditions influence their expression. We test how gradients 42 of logging disturbance and soil properties relate to community-weighted mean traits in logged 43 and old-growth tropical forests in Borneo. 44
the primary driver of trait expression, soil nutrients explained a statistically independent axis of 49 variation linked to leaf size and nutrient concentration. Soil characteristics influenced trait 50 expression via nutrient availability, and through nutrient pools and pH. 51
• Our finding, that traits have contrasting responses to land use and soil resource availability, 52 provides robust evidence for the need to consider the abiotic context of logging when predicting 53 plant functional diversity across human-modified tropical forests. The detection of two 54 independent axes was made possible by the measurement of many more functional traits than 55 have been examined in previous studies. 56 . All these studies, however, share two weaknesses: they did not examine the 89 influence of multiple factors on trait expression, and they used a limited set of traits. Moreover, 90 many did not consider traits associated with ecologically important processes, such as structural and 91 defence compounds (important for herbivory and hence trophic interactions); photosynthetic 92 activity (essential for biomass production); and leaf δ 15 N values (provides insight into sources and 93 use of nitrogen). Our understanding about the links between trait sensitivity to anthropogenic Riutta et al. 2018) . Although the magnitude of anthropogenic disturbance is much greater in 115 forests in Southeast Asia than in South America, they have received significantly less attention 116 regarding the modification of plant functional traits. Specifically, intense logging has the potential to 117 override the effects of other environmental gradients including soil properties. 118
Here, we measured 32 leaf, wood and physiological traits of 284 tropical tree species to 119 capture community level trait expression in response to selective logging across a gradient of soil 120 properties in species-rich tropical rainforest in Sabah, northern Borneo. We assess traits reflecting 121 nutrient status, light capture and photosynthesis, and allocation to structure and defence to provide 122 a whole-plant perspective and avoid overlooking traits that contribute to functional diversity. We 123 tested the hypothesis that CWM values of functional traits and functional diversity shift in response 124 to anthropogenic disturbance and soil properties. We used CWM traits to quantify average trait 125 values, and a multi-trait index of functional diversity (FD) to quantify trait variation, which can occur 126 independent of variation in CWM values of trait (Ricotta & Moretti 2011 while the other four plots were distributed between these two areas in the selectively logged We combined two strategies to sample the functional trait values in each plot. In the first, weighted 163 basal area strategy, we sampled species that most contributed to the total plot basal area. This 164 approach assumes that species accounting for a larger proportion of plot basal area also make a 165 greater contribution to ecosystem functioning. Species were ranked based on their contribution to 166 total basal area at the most recent census for each plot (2011 to 2015), which ranged from 10.9-167 41.8 m 2 ha -1 . All species that contributed to 70% of plot basal area (in decreasing order of species 168 basal area) were identified for sampling. In 57% of cases only one individual per species occurred; 169 otherwise, the individual with the greatest dbh within a species was sampled. This strategy 170 disproportionately sampled large-statured and abundant species. To ensure that smaller and 171 potentially rare species were also represented, we adopted a second strategy: stratified random and 172 taxon-independent sampling of all trees ≥ 10 cm dbh in three randomly selected 20 × 20 m subplots 173 within each 1 ha plot. As this strategy allowed for repeated samples of the same species, as well as 174 sampling from all height strata, it contained understory and shaded trees. This combination of 175 different sampling strategies provided a comprehensive representation of the tree community 176 (Paine et al. 2015) and resulted in an overall representation of > 90% of the total basal area per plot 177 (except one plot with 65%) and 51-71% of the species ≥ 10 cm dbh ( Fig. S1 ). 178 179
Soil properties 180
We measured total nutrients and exchangeable nutrient pools to estimate both long-term nutrient 181 supply as well as plant-available forms. Two randomly located soil cores were taken per plot in 2014-182 2015. Surface soil (0-10 cm) was analysed for pH, cation exchange capacity and total concentrations 183 of P, C, N, Mg, K and Ca using the protocols of Quesada et al. (2010 Quesada et al. ( , 2012 . To assess availability of K, 184
Ca, Mg, P, NO 3 and NH 4 + we measured nutrient supply rates using in-situ ion exchange membranes 185 (PRSTM Probes, Western AG, Saskatoon, Canada). To account for spatial variability we installed four 186 probe pairs (each composed of one cation and anion probe) vertically at corners of three 50 × 50 cm 187 quadrats to 10 cm depth within each of the three subplots used in the stratified random sampling. 188
These were collected after two weeks, washed with distilled water and sent to the manufacturer for 189 analysis. They pooled the four probe pairs from each quadrat prior to elution with 0.5M HCl for 1 hr, 190 yielding 72 samples. Table S1 . 215 216
Statistical analyses 217
Replicated leaf-level functional traits were averaged for sun and shade leaves for the few individuals 218 that possessed both to generate a tree-level dataset. Our results were identical for analyses using a 219 data-set comprising sun leaves alone, where available, or otherwise shade leaves, so henceforth we 220 In order to test hypothesis 2, site scores from the first two PCA axes of soil properties, along with 232 a binary variable representing logging history, were used as predictors in multiple regression models 233 to partition the variance in each CWM trait. The first two principal components from the soil PCA 234 were both statistically independent of logging history (linear model: p ≥ 0.48). Nevertheless, because 235 the three predictors were weakly but non-significantly inter-correlated (R 2 ≤ 0.29), we used the 236 hierarchical partitioning method of Chevan and Sutherland (1991), as implemented in the hier. The study plots varied substantially in basal area (BA) and stem density, with BA varying fourfold 251 (10.9 m -41.8 m 2 ha -1 , Table 1 ). Basal area was significantly lower in the SL plots but the range 252 among plots within each forest type was similar (means: SL 17.8 ± 12.7, OG 34.8 ± 14.9 m 2 ha -1 ; 253 ANOVA: F 1,6 = 15.26, p = 0.008). Stem density ranged from 331 to 565 ha -1 , peaking in plots with 254 intermediate BA but was not associated with logging (F 1,6 = 0.02, p = 0.90). Species richness was 255 similar in OG and SL plots, ranging from 124 to 211 tree species ha -1 (F 1,6 = 0.55, p = 0.49). 256 A PCA of soil chemical properties explained 69.5% on the first two principal axes (Fig. 1) . The 257 strongest gradient was defined by variation in total Mg, total P and CEC, whereas the second axis 258 represented a gradient of total C, total N and exchangeable Ca to exchangeable K and NH 4 + . Nutrient 259 concentrations varied markedly among plots, including 10-fold and 5-fold variation in total Mg and 260 total P concentrations along axis 1, and 9-fold and 10-fold variation in exchangeable K and NH 4 + F o r P e e r R e v i e w along axis 2 (Table 1) . Soil properties differed among plots, but were independent of logging history, 262 indicated by the overlapping distribution of OG and SL plots in the PCA (Fig. 1) . 263 264
Community-weighted mean traits 265
Major gradients in CWM trait expression were visualised by PCA, with the first two axes 266 explaining 77.7% of the variance in functional traits (Fig. 2 ). There was a clear differentiation of 267 functional composition between OG and SL plots along the first principal component, indicated by a 268 distinct clustering of the study plots. Tree communities in OG plots were characterised by greater 269 investment in defence and tissue density, whereas SL tree communities expressed higher 270 photosynthetic activity and reduced investment into structural components (Table 2) . Old-growth 271 forests were characterized by denser wood and tougher leaves. These traits reflect enhanced 272 structural investment, implying longer leaf life span and slower growth rates. Tree communities in SL 273 forest had higher photosynthetic activity represented by higher CWM values of A max and A sat and 274 higher R d . These higher rates of gas exchange were supported by the expression of higher CWM 275 area-based pigment concentrations in SL communities and higher N a , N m and P a concentrations. Tree 276 communities in SL were enriched in 13 C compared to OG communities, indicating greater water-use 277 efficiency. 278
The second axis of functional trait space represented tissue nutrient concentrations and leaf 279 area, but was independent of logging history (Fig. 2 ). This axis reflects covariation among CWM 280 values of leaf area, leaf P m , N m , Mg m and Ca m concentrations, and a negative association of these 281 traits with leaf C m and tannin concentrations. Variability of these traits within both logged and 282 unlogged forests was high, which suggests that the expression of these traits is driven by underlying 283 soil properties rather than logging history. 284 285
Variance partitioning 286
We grouped the functional traits based on their main association with leaf nutrients, photosynthesis 287 and structure. Partitioning the CWM response of traits to logging and the first two principal 288 components of soil properties showed that these factors explained up to 90% of the variation in 289 traits. Overall, the proportion of variance explained was on average 74.4%. (Fig. 3 , Table S4 ). (Fig. 1) . For leaf traits related to photosynthesis, 33.5-78.6% of variance was explained by 297 logging and a much smaller proportion by soil PC1 (1.5-21.8%) or soil PC2 (0.9-35.6%), see Table S4 . 298 Structural traits were explained by a combination of both logging history and the independent 299 effects of soil properties. Logging explained on average 39.2% of variance in traits reflecting tissue 300 density and structural investment, such as specific force to punch and branch wood density, which 301 had consistently lower values in logged forest plots. Community-weighted mean LDMC was unusual 302 in that it was poorly explained by the predictor variables. In contrast, leaf size, expressed as CWM 303 leaf area and leaf mass, increased significantly with increasing values of soil PC1, which was linked to 304 plots with higher total N and exchangeable Ca concentrations (Fig. 1 ). There was a significant 305 increase in CWM tannin concentrations in logged forest plots and at higher values of soil PC1. 306 307
Functional diversity 308
Functional diversity, expressed as Rao's Q, was similar between forest types ( Fig. 4 ; F 1,6 = 0.16, p = 309 0.70), and neither logging nor soil properties explained a significant proportion of its variance (Fig.  310 3). Variance in FD was greater among SL than OG forests (Fig. 4) Logging was the primary driver of variation in CWM values of functional traits (Fig. 2) , and explained 316 more variation than soil properties for 20 of 32 traits (Fig. 3 In our study, the principal axis of functional trait space defined a clear gradient from values of 329 traits that maximise carbon capture and growth, which were predominantly expressed in selectively We show that trait expression responded independently to logging disturbance and soil 360
properties. Variation in soil properties can be attributed to interactions between underlying soil 361 texture and mineralogy, on one hand, and the impacts of logging disturbances including soil 362 inversion, removal, and compaction on the other (Pinard et al. 2000) . However, soil properties did 363 not differ systematically between old-growth and selectively logged forests (Fig. 1) , owing to than did logging, whereas traits linked to photosynthesis and carbon capture were more sensitive to 368 logging than to variation in soil properties (Fig. 3) . The mechanisms underlying these associations 369 deserve further study. 370
Moreover, we provide clear evidence that soil properties act on trait expression in two 371 independent ways; the first axis reflected total pools of nutrients, and the second reflected nutrient 372 availability (Fig. 1) . Community-weighted mean values of leaf area, leaf dry mass and foliar 373 concentrations of P m , P a , N m and Ca m all increased significantly in response to the first axis of 374 variation in soil properties, whereas leaf C m and tannin concentrations decreased along this gradient 375 ( Fig. 3) . The second component of soil variation also influenced some leaf traits, particularly δ 13 C, N a 376 and P a concentrations ( Table 2, Table S4 ). Moreover, most traits were influenced either by the first 377 histories do not cluster together. The highest loadings on the first axis are CEC (12.6%), total Mg 616 (12.3%) and total P (12.2%). The highest loadings on the second axis are exchangeable K (12.0%), 617 total N (11.1%) and exchangeable Ca (11.1%). See Table S2 for all PCA loadings. 618 619 Figure 2: PCA of plot-level community-weighted mean functional traits. Plots cluster by logging 620 history, with increased values of traits that maximise carbon capture and growth in logged forest 621 communities and greater allocation to tissue persistence and structural stability in old-growth 622
forests. The highest loadings on the first axis are chlorophyll b m (4.44%), N a (4.37%), branch wood 623 density (4.25%), A sat (4.25%), A max (4.21%) and SLA (4.17%). The highest loadings on second axis are 624 P m (7.45%), LA (7.02%), tannins (6.22%), C m (5.88%) and leaf dry weight (5.75%). Mass-based 625 nutrients are denoted by superscript "m" and area-based values by superscript "a". See Table S3 for 626 all PCA loadings. Table 2 and Table S4 for (12.3%) and total P (12.2%). The highest loadings on the second axis are exchangeable K (12.0%), total N (11.1%) and exchangeable Ca (11.1%). See Table S2 for all PCA loadings. with increased values of traits that maximise carbon capture and growth in logged forest communities and greater allocation to tissue persistence and structural stability in old-growth forests. The highest loadings on the first axis are chlorophyll b m (4.44%), N a (4.37%), branch wood density (4.25%), A sat (4.25%), A max (4.21%) and SLA (4.17%). The highest loadings on second axis are P m (7.45%), LA (7.02%), tannins (6.22%), C m (5.88%) and leaf dry weight (5.75%). Mass-based nutrients are denoted by superscript "m" and area-based values by superscript "a". See Table S3 for all PCA loadings. (Fig. 1) . Functional traits are grouped by the ecosystem function to which they most contribute. Statistical significance is derived from linear regression models, asterisks indicate significance level, '+' and '-' indicate the direction of the relationship. For forest type '+' indicates that trait values were greater in selectively logged than old-growth forests (i.e. positive with first PC axis). For variance explained by soil, '+' indicates positive relationship with the respective PC axis. See Table 2 and Table S4 for detailed results. calculated as Rao's Q with no significant difference between forest type (ANOVA: F 1,6 = 0.16, p = 0.70).
